ABSTRACT Magnetic clouds (MCs) are a subset of interplanetary coronal mass ejections (ICMEs) characterized primarily by a smooth rotation in the magnetic field direction indicative of the presence of a magnetic flux rope. Energetic particle signatures suggest MC flux ropes remain magnetically connected to the Sun at both ends, leading to widely used model of global MC structure as an extended flux rope, with a loop-like axis stretching out from the Sun into the heliosphere and back to the Sun. The time of flight of energetic particles, however, suggests shorter magnetic field line lengths than such a continuous twisted flux rope would produce. In this study, two simple models are compared with observed flux rope axis orientations of 196 MCs to show that the flux rope structure is confined to the MC leading edge. The MC "legs," which magnetically connect the flux rope to the Sun, are not recognizable as MCs and thus are unlikely to contain twisted flux rope fields. Spacecraft encounters with these non-flux rope legs may provide an explanation for the frequent observation of non-MC ICMEs.
INTRODUCTION
Magnetic clouds (MCs) are a subset of interplanetary coronal mass ejections (ICMEs) primarily characterized by a smooth rotation of the magnetic field direction (Burlaga et al. 1981) , which is interpreted as a magnetic flux rope convecting past the spacecraft (Burlaga 1988; Lepping et al. 1990) . MCs have received a great deal of attention for two reasons. First, they are the drivers of the most severe space weather (Gonzalez et al. 1999 and references therein), primarily due to the large out-of-ecliptic magnetic field that the flux rope can produce. Second, the flux rope structure means the global properties of MCs can be inferred from single-point in situ observations, allowing ready comparison with the solar source of the eruption (e.g., Bothmer & Rust 1997) .
The frequent observation of counter-streaming suprathermal electrons (Feldman et al. 1975) within MCs suggests that both ends of the flux rope remain connected to the Sun as the structure propagates out through the heliosphere (Gosling et al. 1987) . This has led to a widely used model of the largescale structure of a MC as an axial field extending out from the Sun, to the in situ observer and back, with highly twisted toroidal flux rope field along its length. Examples are shown in Figure 1 . Of course, the "legs" of the MC which connect the leading edge to the Sun will rotate with the Sun and thus approximately follow the Parker spiral (Parker 1958) . This has led to a number of modifications to cylindrical flux rope models to account for axial curvature (Marubashi & Lepping 2007; Démoulin & Dasso 2009; Romashets & Vandas 2009; Owens et al. 2012) .
Assuming the flux rope structure extends throughout the legs of the MC, the magnetic field-line length connecting the Sun and observer will be much longer near the outer edge of flux ropes than at the flux rope axis. This means suprathermal electrons near the outer edge of the flux rope will have much longer travel times from Sun to observer and thus greater opportunity for the field-aligned beam, or "strahl," to undergo pitch-angle scattering . While there is some statistical evidence of broader strahls at the flux rope edge than axis, the effect is much weaker than predicted using the legged flux rope model for MCs (Owens et al. 2009) . A similar discrepancy is found in rare events where solar energetic particles (SEPs) are observed within the flux rope structure of MCs. The observed time-of-flight dispersion of the SEPs suggests the path length of particles between the Sun and 1 AU is shorter than the tightly wound helical field expected from a flux rope stretching the complete distance from the Sun to observer (Farrugia et al. 1993; Larson et al. 1997; Chollet et al. 2007; Kahler et al. 2011a Kahler et al. , 2011b Dresing et al. 2015) .
In this study, the local axis orientations from a number of large surveys of MCs are also shown to be inconsistent with the "global" flux rope picture described above. The implications of this result for the large-scale structure of MCs are discussed.
MODELS OF GLOBAL MC STRUCTURE
In this study two simple models for the large-scale structure of MCs are compared in a purely statistical sense. Note that the aim here is not to produce a model which provides an accurate fit to individual MC encounters, such as with the techniques of Démoulin & Dasso (2009) The first model is the global flux rope shown in Figure 2 (a). The axis of the MC is assumed to consist of an approximately circular front, as often seen in coronagraph (Hundhausen 1993) and heliospheric imager (Savani et al. 2010 ) observations, with Parker spiral-aligned legs connecting the circular front to the Sun at either end. As suggested by the cartoons of Figure 1 , the flux rope structure extends along the entire length of the axis, back to the coronal source surface. The second model is the "leading edge" flux rope shown in Figure 2 (b). The axial magnetic field follows the exact same shape as the first model, but the flux rope structure is assumed to be limited to the circular front, with the legs consisting of untwisted magnetic flux, approximately orientated with the Parker spiral. In both cases, the MC axis is assumed to lie close to the ecliptic plane.
Synthetic spacecraft encounters with the model MCs are generated at 1000 equally spaced locations in heliographic longitude relative to the flux rope position. For simplicity, the spacecraft encounter is approximated as a radial cut through the model, rather than a time evolution past a fixed point in space. An example is shown in Figure 2 (a). As the model only accounts for axis orientation and not magnetic field polarity, there is a 180°ambiguity in the direction of the axial magnetic field and thus the axis orientation is taken to be in the positive R direction in heliocentric RTN coordinates. The spacecraft location shown in Figure 2 Ruffenach et al. (2015) .
To enable comparison with the model output, the axis orientation for each MC is expressed as the angle in the RTplane to the R direction. The PDFs from kernel density estimates are shown as the black (Lepping) and blue (Jian) curves in Figures 2(c) and (d) . Both catalogs show approximately symmetric distributions about the R direction, with peaks around +/−70°and minima at 0°.
DISCUSSION AND CONCLUSIONS
This study considered two simple models for the global structure of MCs. The first is the commonly used global model, in which a magnetic flux rope extends completely through interplanetary space, from the Sun to observer (e.g., at 1 AU) and back to the Sun. The second is a leading-edge flux rope, in which the magnetic flux rope is only present at the leading edge of the eruption and untwisted magnetic flux connects it to the Sun at either end. The expected distributions of flux rope axes from these two models were compared with spacecraft observations of ∼200 MCs. The leading-edge model shows far better agreement, in particular with the approximately symmetric distribution of flux rope axes about the radial direction, with peaks close to the +/−T direction in RTN heliocentric coordinates. On this basis, a minor modification to the comprehensive Zurbuchen & Richardson (2006) cartoon of large-scale MC structure is suggested in Figure 3 .
The flux-rope magnetic field within magnetic fields can be formed by reconnection with rising, sheared coronal magnetic loops (Gosling 1990) . Assuming this reconnection is limited to the coronal mass ejection launch, the legs of MCs, which are associated with material leaving the Sun days after the CME launch, would not be expected to contain twisted magnetic flux.
The lack of twisted flux rope along the MC legs means that previous estimates of the toroidal flux carried by solar ejecta (e.g., Lynch et al. 2005 ) may have been overestimated by around a factor 3 to 5, though this may be approximately offset by an equivalent underestimate in the cross-sectional extent of MCs (Riley & Crooker 2004; Owens 2008 ). This could have implications for the association between MCs and their source regions on the Sun (e.g., Qiu et al. 2007 ). Estimates of the axial flux content of MCs, which is central to the heliospheric flux budget (Low 2001; Owens & Crooker 2006) , are unaffected by the magnetic field structure in MC legs.
The lack of flux rope structure in MC legs could explain the paucity of "double flux rope" encounters, such as that shown in Figure 2(a) . The best examples of this phenomenon tend to occur further out in the heliosphere (Rees & Forsyth 2004) , where dynamical effects such as stream interaction are likely to have a larger effect on the global structure of MCs. At 1 AU, the leading-edge model means only a single encounter with a flux rope is possible in the majority of events. A double encounter with the same flux rope may become even less likely when the axis has a large out-of-ecliptic component.
The existence of "legs" of untwisted magnetic flux may provide a ready explanation for the large number of non-flux rope ICMEs which are observed by in situ spacecraft (Riley & Richardson 2013) . These non-flux rope legs may still have high magnetic field intensity, as they must contain the same amount of flux as the twisted rope which exists at the leading edge of the MC. They may also exhibit reduced proton temperature due to increased expansion relative to the ambient solar wind as a result of high magnetic pressure. It is unclear whether they should contain any anomalous composition or charge-state signatures (Lepri & Zurbuchen 2004 ). These speculations, however, need to be observationally tested. An analysis of multi-spacecraft observations, particularly STEREO A, ACE and STEREO B during the early phase of the STEREO mission, is currently underway and will be reported as part of a future study.
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